The K β /Kα X-ray intensity ratios of Co, Ni, Cu and Zn in metalophthalocyanines complexes have been studied. Co, Ni, Cu and Zn elements have been excited by using 59.5 keV photons emitted by 50 mCi 241 Am radioactive source. K X-rays emitted by samples have been counted by a Si(Li) detector with resolution 0.16 keV at 5.9 keV. We have found that K β /Kα X-ray intensity ratios of Co, Ni, Zn, and Cu complexes have changed depending on chemical structures of Co, Ni, Zn and Cu. The measured values have been compared with the theoretical predictions and experimental values of pure elements.
Introduction
Nowadays metalophthalocyanines form an important group of organic compounds that belongs to the most studied subjects of organic functional materials [1] . The most important industrial application of phthalocyanines is the formation of color complexes with metal cations that are used as highly stable pigments and dyes [2] . In addition, they can find commercial applications as: photovoltaic materials in solar cells [3] systems for fabrication of light emitting diodes (LED) [4] , liquid crystalline [5] and non-linear optical materials [6] sensitizers for photodynamic (PDT) cancer therapy [7] , photoconductors in xerography [8] dyes at recording layers for CD-R and DVD-R optical storage discs [9] as well as diverse catalytic systems [10] .
Accurate and reliable data on X-ray intensity ratios are very important in the fields of atomic, molecular and medical physics. These data also serve as important inputs in the XRF technique which is considered to be one of the most powerful methods for elemental analysis. There have been various investigations on the K β /K α intensity ratios and fluorescence cross-sections.
In the recent years several studies have been carried out to measure the dependence of K β /K α ratios on the chemical state of the elements. Iwatsuki and Fuka- * corresponding author; e-mail: hbaltas@ktu.edu.tr sawa [11] have measured K β2 /K β1,3 X-ray intensity ratios of arsenic, selenium and bromine in various chemical states. Çevik et al. [12] have found chemical effects on the K β /K α X-ray intensity ratios of Mn, Ni and Cu complexes. Similarly, K-shell X-ray fluorescence cross--sections and intensity ratios for some pure metals have been measured using 59.5 and 123.6 keV γ-rays [13] . In many compounds, transfer of electron from the ligand atom to the 3d state of the metal can also cause change in the 3d electron population of the metal which will cause a change in the K β /K α ratio [14] [15] [16] . K β /K α X-ray intensity ratios of Fe and Ni in pure metals and in Fe x Ni 1−x alloys have been measured by Raj et al. [17, 18] .
In this paper, we report the 16 Cu complexes. The phthalonitrile compound and metalophthalocyanine complexes were prepared according to the published procedure [19] . The studied complexes were illustrated in Fig. 1 . The samples were irradiated by 59.5 keV photons emitted by an annular 241 Am radioactive source. A Si(Li) detector (FWHM 0.16 keV at 5.9 keV, active area 13 mm 2 , thickness 3 mm and Be window thickness 30 µm) was used for K α and K β lines measurement. The experimental setup for the annular source in the direct excitation mode used in this study is shown in Fig. 2 . The output from the preamplifier, with pulse pile-up rejection capability, was fed to a multi-channel analyzer interfaced with a personal computer provided with suitable software for data acquisition and peak analysis. The lifetime was selected 5000 s for all elements. The samples were placed at 45
• angles with respect to the direct beam and fluorescent X-rays emitted 90
• to the detector. The peak areas were calculated from the spectrum obtained for each measurement. Figure 3 shows a typical K X-ray spectrum of Co in C 112 H 96 N 8 O 16 Co complexes. 
Theoretical calculations
The K β /K α X-ray intensity ratio values were calculated using the relation,
where N Kβ and N Kα are the net counts under the K β and K α peaks, β Kβ and β Kα are the self-absorption correction factors of the target, ε Kβ and ε Kα are the detector efficiencies for K β and K α X-rays. The self absorption correction factor β is calculated for both K β and K α separately by using the following expression:
where µ inc is the mass attenuation coefficient (cm 2 /g) of incident photons and µ emt is of emitted characteristic X-rays [20, 21] . t is the thickness of the target in g cm −2 , θ and φ are the angles of incident photon and emitted X--rays with respect to the normal at the surface of the sample. The product I 0 Gε, containing the terms related to the incident photon flux, geometrical factor and absolute efficiency of the X-ray detector, was determined collecting the K α and K β X-ray spectra of the samples, which are atomic number ranges, were selected 23 ≤ Z ≤ 66 for 241 Am in the same geometry using the equation
where N Ki is the measured intensity (area under the photopeak) corresponding to the K i group of X-rays, I 0 is the intensity of the incident radiation, G is a geometrical factor, ε Ki is the detection efficiency for the K i group of X-rays and β Ki is the self-absorption correction factor for the target material, which accounts for the absorption in the target of the incident photons and the emitted characteristic X-rays. Theoretical values of σ Ki (i = α, β) X-ray production cross sections were calculated by
where σ K (E) is the K-shell photoionization cross-section of the given element for the excitation energy E [22] , ω K is the K-shell fluorescence yield [23] , and f Ki is the emission rate of the fractional X-ray for K α and K β X-rays [24] .
The factor I 0 Gε Ki was fitted as a function of energy using the equations for 241 Am [15] :
where E x is the K α and K β X-ray energy. The variations of the factors I 0 Gε Ki as a function of the mean K X-ray energy are shown in Fig. 4 .
Result and discussion
The measured values of the K β /K α X-ray intensity ratios Table I . Experimental K β /K α X-ray intensity ratios for these elements have been compared with theoretical estimates [25] [26] [27] and other experimental results [13, 28, 29] . Theoretical estimates based on relativistic Hartree-Fock and Hartree-Slater theories were calculated by Scofield [25, 26] . Our experimental values agree to within 0.03-23% Hartree-Fock theory and to within 0.4-20% Hartree-Slater theory, respectively. Also, these values are approximately 8% higher than the theoretical values of Manson and Kennedy [27] . The results show that the Co, Ni, Cu and Zn K X-ray intensity ratio in the complexes is lower than the pure metals. The reason is that the outer electrons of metals in the complexes structure are strongly bound to the ligand atoms, and therefore subsequent transition probabilities of electrons from these outer shells to inner shells (O → M or O → N ) decrease corresponding to transition rules. Therefore, M → K or N → K transition probabilities decrease (Fig. 5) . For this reason, K β transitions ratios may decrease, resulting in reduced K β net peak area in the spectrum. At the same time, K α transitions ratios are not affected. Therefore, the K β /K α X-ray intensity ratio decreases (see Eq. (1)).
The changes of the K β /K α X-ray intensity ratios for Co, Ni, Cu and Zn in the metalophthalocyanine complexes can be interpreted due to changes in the electron population of the valence bands (3d and 4s). Changes in the number of 3d electrons are the only important con- tributions for the change in the K β /K α intensity ratio and the effect of changing 4s and 4p electrons can be neglected. In fact, the change in the number of 3d electrons modifies 3p orbital much more strongly than 2p orbital, which must be followed by substantial modification of K β transitions and almost no modification of K α transitions.
The electronegativity values differences (Table II) between the metals, which constitute the ligands, particularly have a greater effect on the structure of the 3d and 4s orbitals. The K β /K α intensity ratio can be affected by the changing electronegativities around the central emitting atoms. A change in the electronegativity around the central atom can affect the binding energies of the outermost shell electrons because the outermost electron cloud of the central atom is pulled by the ligands due to the increase of the electronegativity values. Therefore, this factor may cause some variations [30] . Also, as seen in Table II , the change in 3d electron population for Co, Ni, Cu and Zn in the complexes has been evaluated by comparing the predictions of multiconfiguration DiracFock (MCDF) calculations with the measured K β /K α intensity ratios for these 3d transition metals in their compounds [31] . The greatest values of the K β /K α intensity ratios are for 3d m−2 4s 2 configuration type of the Co, Ni and Zn atoms.
Complexing bond lengths for four-coordinate metalophthalocyanines namely, CoPc [32] , NiPc [33] , CuPc [34] and ZnPc [35] , are listed in Table III . It can be seen from Table III that the NiPc has the shortest bond length in the complexes (ZnPc>CuPc>CoPc>NiPc). Therefore, bond electrons between metal and ligand in NiPc are attracted slightly by metal atoms. Change in the attraction forces of bond electrons can be attributed to hybridization of metal atoms in the complexes. The hybridization of these metals in the complexes has substantial effect because of the change of the local electron population in the 3d states. Strong hybridization of these metals leads to the greater overlapping between metal and ligand atoms, and leads to the approaching metal and ligand atoms to each other. In that case, the symmetry of metal atoms in the complex changes and this causes an increase in the volume of bonding orbital and this increases the interaction area of photons [36] . The overall error in the present measurements is estimated to be less than 3-4%. This error is attributed to the uncertainties in different parameters used to deduce K β /K α values; namely, the statistical and other possible errors in the area evaluation under the K α and K β X-ray peak (≤ 2-3%), in the absorption correction factor ratio (≤ 2%), the product I 0 Gε (2-3%). In this work, in order to reduce the absorption, thin samples were used as the target; furthermore, an absorption correction was also performed for each sample. In order to reduce the statistical error, the spectra were recorded and about 10 3 -10 6 (or more) counts were collected under the K α and K β peaks. The K α and K β photopeak areas were separated by fitting the measured spectra with multi--Gaussian functions plus polynomial backgrounds using software program.
Summary and conclusions
Phthalocyanines have recently received much attention, especially because of their synthetic [37] and structural aspects [38] , spectral properties [39] , electrochromic behaviour [40] and electrical conductivity [41] . Also, their use as efficient photosensitizers in obtaining singlet oxygen is becoming especially important in the photodynamic therapy of tumors [42] . In this paper we have presented the experimental result for the 16 Cu phthalocyanines complexes, respectively. Either transfer from 3d state of metal atom electron to the ligand atom or transfer of electron from the ligand atom to the 3d state of the metal can also cause a change in the 3d electron population of the metal. This will effect the K β /K α ratio. The results indicate that K β /K α X-ray intensity ratios for given complexes, in general, are lower than those with pure form. This result shows that there is electron transfer from 3d transition metal to ligand atoms. These results also indicate that K X-ray spectroscopy for the 3d element is very useful for studying the electronic structure of chemical complexes.
